Background: Injury in the cervical spinal cord (CSC) can lead to varying degrees of neurologic deficit and persistent disability. Diffusion tensor imaging (DTI) is a promising method to evaluate white matter integrity and pathology. However, the conventional DTI results are limited with respect to the specific details of neuropathology and microstructural architecture. In this study we used ultrahigh-b radial-DWI (UHb-rDWI) with b-values ranging from 0 to 7500 s/mm 2 and calculated decay constant (D H ) at the high b-values, which gives much deeper insight about the microscopic environment of CSC white matter. Purpose: To evaluate a novel diffusion MRI, UHb-rDWI technique for imaging of the CSC. 
significant advancement in the care of patients with injuries of the spinal cord.
Diffusion tensor imaging (DTI) is a promising method to evaluate white matter integrity and pathology. Quantitative DTI metrics, such as radial and axial diffusivities, and fractional anisotropy (FA), 7 may serve as biomarkers for the demyelination and axonal loss in spinal cord diseases. Unlike the brain, where overlapping of crossing fibers in multiple orientations require diffusion-weighted (DW) signal measurement along many different directions to compute DTI metrics, for the spinal cord, where the nerve fibers are one-dimensional with principal direction of local symmetry along the cord direction, DW signal measurements along the directions perpendicular and parallel to the nerve fiber are sufficient. Although conventional DTI is able to evaluate the changes in cervical spinal cord (CSC) microstructure, 8, 9 the results are often inconsistent for reliable determination of axonal dysfunction. [10] [11] [12] [13] For instance, the decreased FA assessed with DTI in the spinal cord lesion does not distinguish if the reduction is caused by increased water content in the extraaxonal (EA) space (edema) or by increased water exchange between intraaxonal (IA) and EA spaces due to demyelination or by both. Also, the measured radial diffusivity is not objective, but dependent on b-values because of different signal contributions from IA and EA spaces at different b-values. Q-space diffusion MRI, such as Axcaliber, 14 may provide deeper insight about the spinal cord white matter; however, q-space imaging is not applicable in a whole-body human MRI system because of low gradient strength. Slowly decaying signal at the ultrahigh b DWI has been observed by Rangwala et al on in vivo human spinal cord SC white matter. 15 MRI of the CSC is technically more challenging than that of the brain because of its small cross-sectional area, susceptibility artifact due to cord-vertebral bone interface, chemical-shift artifact arising from the fat in the vertebral bones and other nearby structures, as well as motion-induced artifact resulting from cerebrospinal fluid pulsation, breathing, and swallowing during the measurement. [16] [17] [18] The variant magnetic susceptibility artifact particularly limits the capability of diffusion-weighted MRI (DWI, DTI) of CSC using 2D singleshot diffusion-weighted echo planar imaging (EPI) (2D ss-DWEPI), which is commonly used for brain imaging studies. While conventional DTI measures and evaluates the DWI at low b-values, where the EA water dominates the signal behavior, ultrahigh-b DWI (UHb-DWI) provides better contrast between white matter (WM) and gray matter (GM) with greater diffusion-weighted and less T 2 -weighted effect. 19 In the UHb-DWI (b 4000 s/mm 2 ), a pair of strong diffusion gradients, separated by a long diffusion time, provides information about the water exchange effect, 20 which is predicted by a Monte-Carlo simulation (MCS) of water diffusion MRI in a 1D WM. 21 This technique produces DW images with greatly reduced: 1) geometric distortion, which is caused by susceptibility difference at/near the interface between bone and tissue and common in an EPI-type acquisition, by implementing reduced field of view (FOV) in the phase-encoding direction 22, 23 ; 2) motion-induced artifact using single-shot acquisition; and 3) acquisition time by acquiring multiple slices within a single repetition time (TR), making the sequence amenable for clinical purposes. Radial diffusivity, ie, diffusivity perpendicular to the cord, depends strongly on the b-value and relative concentration of IA and EA spaces. Because of a long echo time (TE) in a clinical MRI system due to the limited gradient strength (for example, TE is longer than 50 msec for b >500 s/mm 2 ), the signal from the myelin water, where T 2 is short (<10 msec), is mostly suppressed to the noise level. Therefore, no matter how heterogeneous the physical environment is inside the CSC WM, for "radial DWI" we may compartmentalize the WM into: 1) water molecule "restricted" in IA space by myelin sheath where water cannot move more than an inner diameter of the axon (1.2 lm), 24 and 2) "mobile" water in EA space where water can move over the hindered boundaries including the membranes. 14 25, 26 The measured rDWI signal intensity, which is the contribution from IA and EA spaces, can be expressed as: Early applications of UHb-DWI on a small number of healthy subjects have demonstrated slightly different signal-b behaviors, particularly with a different high-b decay constant, in different WM tracts and at vertebral levels. This may be because of different means of axonal diameters and/ or different fractions of nodes of Ranvier at different tracts. Our preliminary measurement on these normal CSCs demonstrated a fairly constant pattern. 25 The purpose of this report is to study the behavior of the UHb-rDWI signal in 
Materials and Methods

MRI Experiments
Four healthy volunteers (HC1: a 27-year-old female, HC2: a 56-year-old female, HC3: a 34-year-old male, and HC4: a 39-year-old male) underwent two separate UHb-rDWI experiments on a Siemens 3T MRI system (Trio, Siemens Medical Solutions, Erlangen, Germany) at an interval of 2 months. In addition, we included limited data regarding UHb-rDWI experiment from a patient with active multiple sclerosis (MS) lesion on right lateral funiculus at the C3-C4 level. These investigations were approved by the University of Utah Institutional Review Board and informed consent was obtained from all participants prior to participation. Each subject was positioned with the cervical segment of the spinal cord as straight as possible from the anterior/posterior view. After a three-plane scout imaging, T 2 -weighted imaging was performed in the coronal plane, on which another sagittal T 2 -weighted imaging was prescribed. Then the T 2 -weighted images axial slices were positioned perpendicular to the CSC and were acquired in the axial plane (TR/TE: 4 sec/95 msec and acquisition resolution 0. 
T 1 -Decay Correction
In 2D ss-DWSTEPI imaging, diffusion-weighted longitudinal magnetization undergoes T 1 decay during the TM, the delay between the tipup (the 2 nd 908) RF pulse, and the investigation (the 3 rd 908) RF pulse. The equation for S b for a diffusion-weighting b is described as:
where S 0 is the signal measured without T 1 and diffusion decay, and D is an apparent diffusion coefficient (ADC). The b-value signal undergoes both diffusion and T 1 decay, while the b 0 signal undergoes only T 1 decay. T 1 is estimated using the set of b 0 data and used for T 1 decay correction to obtain the pure diffusiondecayed signal pixel-by-pixel.
Curve Fitting
All DICOM images were postprocessed using home-made processing software written in the Python language. The signal from each pixel of b 0 images was fitted to a biexponential function as suggested by Soellinger et al, 28 while those of diffusion-weighted images were fitted to either biexponential 29, 30 or monoexponential plus constant function 15 depending on a signal that best fits either of these functions and the curves were normalized to S 0 . In particular, for a pixel with water exchange at the axonal wall due to demyelination such as in an MS lesion, where
.1, the signal-b curve was fit to a monoexponential plus constant function, while for a pixel with no water exchange at the axonal wall, as in healthy volunteers, the curve was fit to a biexponential function. The diffusion-only curve is obtained by dividing the normalized fitted curve of each pixel of b-value images that has both T 1 and diffusion decay by corresponding normalized fitted curve of b 0 images that has only T 1 decay. Four ROIs: two on the lateral funiculi with five pixels in a diamond-shaped structure and two on the posterior columns with three pixels on a vertical line, were considered for plotting the signal-b curves. These points were chosen ensuring minimal signal contamination from boundary and GM due to partial volume effects. D H was calculated pixel-by-pixel from the diffusion-only curve for b >4000 s/mm 2 , which was confirmed by double-exponential fitting.
MCS
We performed an MCS of water diffusion for a 1D WM tract using home-developed MCS software 21 to understand the behavior of a signal-b curve at different values and to demonstrate the slightly decaying pattern of signal-b curve due to the exchange effect between EA and IA spaces. The MCS of a water molecule was performed by uniformly distributing 16,000 water molecules into the IA and EA spaces containing 3200 axons on a 2D area of 80 3 80 lm
2
. A cylindrical symmetry was used, of which the axons run parallel to each other along the z-axis. The 3D diffusive motion with 2D geometry was simulated by considering the free diffusive motion along the axonal axis. No water molecules were spread into the myelin space, as the myelin water does not contribute to the rDWI signal, as discussed previously. At the boundary, a molecule is either reflected or transmitted depending on the permeability, as discussed in Szafer et al. 31 The position of each water molecule is updated in every dt 5 0.1 ls for a total diffusion time of T diff 5 500 msec by adding a constant length of ffiffiffiffiffiffiffiffiffiffi ffi 6Ddt p and a random direction step vector to the previous position, where D is the free diffusion coefficient of the molecules. The positions of all molecules were recorded in every 10 ls. The DW signal was attained by calculating the phase of each molecule that accumulates during the position recording steps and vector summation of the contributions from all water molecules. We introduced different permeability values from 0 to 100 lm/sec for the water exchange 
Results
The series of UHb-rDWI from four volunteers (top: volunteer HC1, middle: volunteers HC2 and HC3, and bottom: volunteer HC4) at the same C3-C4 level corresponding to the seven b-values are shown in Fig. 1a-d . Greater contrast between WM and GM is seen at higher-b rDWI. At b max 5 7348 s/mm 2 , the GM signal drops to the noise level, while enough WM signal is preserved.
The rDWI signal-b curves of four volunteers at different levels of the CSC: upper curves at C2-C3 level, middle at C4 level, and bottom at C5 level, are illustrated in The comparison of signal-b curve at two successive scans of volunteers at the C3-C4 level at four regions: two on the lateral funiculi (LLF and RLF) and two on posterior columns (LPC and RPC), is illustrated in Fig. 3 . The plots are consistent for two timepoints separated by 60 days. The consistency of the plots over time was also observed at other vertebral levels. The plots in Fig. 3 are the representative of all curves at different levels of all volunteers under study.
The D H values measured in these four regions in C2-C3, C4, and C5 levels of all volunteers are listed in Table 1 and plotted in Fig. 4 
Discussion
The UHb-rDWI technique using a CSC dedicated coil enabled acquisition of high-resolution UHb-rDW images of the CSC in four healthy control volunteers with clear distinction between the WM and the GM at UHb diffusion MRI. The increased GM-WM contrast at UHb is mainly due to the non-monoexponential signal decay in the WM. 15, 29 The MCS result predicts the constant signal intensity in UHb-rDW images of WM, assuming there is no water exchange at the axonal wall. The decreasing signal intensity of WM observed on UHb-rDW images at higher b-values is due to the increased T 1 decay for the long TM at UHb-value images. The signal intensity of b-value images of volunteer HC1 is higher than that of the others. This may be due to factors such as different tuning, coupling, loading of the RF coil, and depth of the spinal cord from the skin surface. The signal-b curve plotted at various levels of spinal cord shows the biexponential decay behavior, ie, fast exponential decay at lower b-values and much slower decay at higher 
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b-values; for example, b >4000 s/mm 2 on a clinical MRI system using a CSC dedicated RF coil. The diffusion signal from the EA space decays with increasing b-values, while that from the IA space decays very slowly at UHb-values for the normal healthy CSC. Thus, the behavior of signal-b curve at low b-values is predominated by fast decay of diffusion signal from EA space, while at UHb-value the signal behavior is mainly from the nearly constant or the slow-decaying signal from IA space. This observation may be explained as follows. The myelin layers surrounding axons in the healthy spinal cord prohibit or greatly limit the exchange of water molecules between IA and EA spaces. In the IA space, the motion of water molecules along the radial direction is limited by the axonal diameter (1.2 lm), whereas in the EA space water can move over the hindered boundaries including the membranes. Applied radial diffusion-weighting does not create a noticeable phase dispersion that is responsible for signal decay for the spins in restricted water molecules in the IA space. However, it does create a phase dispersion for the spins in mobile water molecules in the EA space. The myelin water does not contribute to the signal intensity of DW images because of the relatively long TE (>50 msec) used in the current experiment compared to the short T 2 (10 msec) of myelin water.
We hypothesized that the fraction of the ultrahigh-b signal (b 4000 s/mm 2 ) may correspond to the axonal density, 21 which has small variation in different tracts within a spinal cord section of healthy CSC. This may be due to the differences in axonal diameter, fiber packing density between different tracts [32] [33] [34] of the section, different leakage effect due to variations in myelination of the myelinated segment, and fractions of the node of Ranvier. Each myelin segment is about 100 lm long for a 1-lm diameter axon, and a gap between two adjacent myelin sheaths, the node of Ranvier, is in the range of 0.8-1 lm. 31 We also observed a range of variation on the high-b fraction in the signal-b curve among healthy controls. This intersubject variability on the high-b fraction in the signal-b curve may be due to various factors including age, gender, and/or cord morphology. The slightly decaying pattern of the UHb signal may be due to water exchange at the nodes of Ranvier, application of imperfect orthogonality between the fiber and diffusion gradient directions, angular dispersion of axons within an imaging voxel, [32] [33] [34] and technical problems such as motion of the subject and asynchronous motion between the table and subject during the DWI experiment. Unlike WM in brain, the angular dispersion of CSC-WM is 3-48, which may be insignificant in the UHb regime. The MCS performed to evaluate the effect on the signal-b curve by the exchange effect between IA and EA spaces for two different diffusion times of 50 and 200 msec indicates the exponential decay of signal-b curve with the bvalue due to permeability. It can also be seen that for zero permeability, the decay constant is identical for both 15 In that investigation, the mean D H was smaller in posterior column than that in lateral funiculus, which is in agreement with our results. The UHb-rDWI signal curve of the normal controls was consistent in all vertebral levels on two successive scans and the curves are very similar on the left and right sides of every tract in the CSC. These results demonstrate high reproducibility and the reliability of the technique. In D H plots of healthy controls, their values were compared with the D H value from a 5-pixel ROI in a lesion at the C3-C4 level from a representative MS patient participating in our preliminary studies to show that the inter/intra subject variability of healthy controls is insignificant compared to the D H at lesion. This also indicates that UHbrDWI has a strong potential for clinical imaging of the spinal cord in demyelinating disease and other diseased states.
We achieved the optimal signal-to-noise ratio with the highest contrast and spatial resolution with a dedicated CSC array coil. Although the 7-minute sequence is feasible in the clinical realm, it does require good patient cooperation during the imaging, as for all other quantitative MRI. Our experience revealed that the best imaging results are in the upper CSC, where the alignment is straight. With normal cervical lordosis in the mid and lower cervical spine, there can be field inhomogeneity with distortion. The small number of subjects in this initial study limits detailed statistical analysis; however, the UHb measurements for each subject in several tracts at different levels of the cervical cord and at two timepoints are highly consistent. A larger study will be required to assess interindividual variability of UHb-rDWI in the CSC.
In conclusion, UHb-rDWI is an effective, quantitative, qualitative, and reproducible method in normal healthy volunteers and provides much deeper insight into the microscopic environment in the WM in addition to the DTI metrics. UHb-rDWI thus has a strong potential for clinical application for establishing an imaging biomarker to distinguish inflammation, demyelination/remyelination, and axonal loss in the spinal cord. 
